Iron ore particles on the graphite powder were observed by laser microscope to study low temperature reduction and melting behavior. The iron ores were classified two types by the gangue behavior through the reduction process. One forms a gangue concentrated layer and the other does not. Melting start temperature of iron ores with the gangue concentrated layer was higher than that of without. In the case of the iron ores with gangue concentrated layer, the formed gangue layer prevents the reduced iron from contacting with graphite, and the melting start temperature was much higher than the eutectic temperature of the Fe-C binary system. The melting start temperature was lowered for the ore particle coated with CaCO 3 as the coated layer enhances melting of the gangue concentrated layer.
Introduction
In recent years, to lower and minimize the energy consumption and the amount of discharged carbon dioxide gas process have been required in ironmaking from the viewpoint of environmental protection. As a blast furnace process has been well established, some innovative measures are necessary to reduce energy consumption by a half. Lowering melt-down temperature of iron ore is a possible measure for decreasing energy consumption in the blast furnace. As the eutectic temperature of the system Fe-C, 1 153°C, is lower than the melting temperature, 1 450°C, in the blast furnace, there may be possible to lower the meltdown temperature of iron ore by enhancing carburization of reduced metal.
There are various studies about carburization of solid iron by solid carbon [1] [2] [3] [4] and gaseous carbon. [5] [6] [7] The carburization rate by solid carbon is faster than by gaseous carbon, therefore the carburization and melting easily occur at lower temperature in the case of direct contact of iron with solid carbon. In the blast furnace the reduction of iron ores, carburization and melting of reduced iron occur successively. The gangue component in the iron ore may have an influence on these reactions and result in the high melt down temperature of 1 450°C.
Carbon composite iron ore briquette was proposed by Kasai et al., 8, 9) to improve reducibility by the direct contact of ore particle with melted coal. The reduction and carburization of carbon composite iron ore briquette have been studied in both experimental apparatus 8, 9) and commercial blast furnace. 10, 11) The carbon composite iron ore briquette showed high reduction rate and lower thermal reserve zone temperature in a blast furnace. The production conditions of carbon composite iron ore briquette has been explored for various coal species on briquetting temperature and composition of contained gangue to obtain sufficient cold and high temperature strength. 12) In this paper, the microscopic study of melting mechanism of reduced iron ore particle has been discussed on the basis of the direct and continuous observation by laser microscope with particular interests in the gangue behavior during the reduction and its effect on the carburization. To confirm the effect of gangue behavior at a relatively large scale, the softening and melting experiment under the load was carried out for both conventional ore and specially designed carbon composite iron ore briquette.
The effect of gangue behavior on carburization and melting temperature was studied for the carbon composite iron ore briquette. Production conditions such as flux addition and blending pattern were examined for various iron ore species. The method for low temperature carburization and melting has been discussed. The iron ores (A to H), iron powder with and without gangue coating, and iron ore with CaCO 3 coating shown in Table 1 were used. The diameter of samples was adjusted from 0.2 to 0.5 mm. Figure 1 shows the experimental apparatus, the laser microscope, used for the direct and continuous observation of melting behavior of iron ores and iron powder. The graphite powder with the diameter of less than 0.045 mm were laid in the aluminum oxide crucible of 5 mm in inner diameter and iron ores or iron powder were carefully placed on it. The aluminum oxide crucible was set in the airtight chamber on the sample holder. The magnification of the laser microscope was 100-power. After inert gas substitution, CO gas was flown into the airtight chamber at a flow rate of 100 Ncm 3 /min. The sample was heated by infrared image heating system using 1.5 kW halogen lamp. The heating rate was controlled at 120°C/min up to 1 200°C and 40°C/min from 1 200 to 1 600°C. The temperature was measured at the back of the sample holder and corrected by measurement of the melting temperature of pure metals, such as Fe, Cu, Au and Ni.
Observation of Gangue Distribution in the Iron Ore
The experimental apparatus was the same as explained in Sec. 2.1.1. The iron ore was put on the aluminum oxide crucible without graphite powder. The heating rate up to 1 100°C was controlled at 120°C/min. The temperature was kept at 1 100°C for 5 min and then quenched to room temperature. The obtained samples were molded into resin and polished, the distribution of gangue component, Al, Si and Fe, in the iron ore particle were measured by EPMA.
High Temperature Reduction under Load Test

Softening and Melt-down Test
The softening and melt-down properties of iron ores and the carbon composite iron ore briquette were measured by a high temperature reduction under-load testing system 13) shown in Fig. 2 to confirm the microscopic observations in an actual ore layer. This system consists of a gas introduction unit, a reaction unit and gas analysis unit. The diameter of lump ore was 10 to 15 mm. The sample layer was put between the top and bottom coke layer having particle sizes of Table 1 . Chemical composition of iron ores and iron powder. 
Preparation of Carbon Composite Iron
Ore Briquette To produce carbon composite iron ore briquette, the iron ore E and F shown in Table 1 , coal shown in Table 2 and the flux were used. In this experiment CaCO 3 was selected as the flux. As shown in Table 3 the blend 1 and 4 were the mixture of ore and coal, and the blend 2 and 5 were mixture of ore, coal and CaCO 3 . The blend 3 was a mixture of ore, coal and CaCO 3 , but for the segregation of CaCO 3 surrounding the ore particles, ore E and CaCO 3 were mixed firstly by pelletizer for ten minutes. Then coal was blended with its mixture by use of the V-shape blender for ten minutes. The diameter of ore, coal and CaCO 3 were Ϫ1.0 mm, Ϫ0.5 mm and Ϫ0.1 mm respectively. The blending ratio was decided according to the experimental condition by Kasai and others. 12) The flowchart and condition for briquette production were shown in Fig. 5 and Table 4 . The mixed raw materials were heated in the dryer to 250°C. After charging to the hopper, the briquetting was carried out at 300°C. The photographs of made briquette were shown in Fig. 6 . Figure 7 shows the measured melting start temperature. Melting start temperature was defined as the temperature at which a change of particle shape or a particle movement was observed by laser microscope. Melting start temperature of iron powder (Iron 1) was 1 118°C. On the other hand the melting start temperature of iron ores (ore A to H) were varied from 1 149 to 1 583°C. Figure 8 shows the distribution of Al, Si and Fe of ore E and ore F measured by EPMA. The concentrated layer of Al and Si at the outside edge of ore particle were observed in ore E, but no concentrated layer in ore F. The iron ores were classified two types by gangue behavior. Ores C, D, E and H form a gangue concentrated layer and ores A, B, F and G do not. In Fig. 7 the melting start temperature of iron ore with gangue concentrated layer were higher than that of iron ore without gangue concentrated layer. The produced gangue layer prevents reduced iron from contacting with graphite.
Result and Discussion
Melting Start Temperature and Gangue Concentrated Layer
To confirm the role of gangue concentrated layer the iron powder coated with SiO 2 and Al 2 O 3 was prepared as Iron 2. The melting start temperature of Iron 2 was 1 600°C shown in Fig. 7 and that temperature was about 500°C higher than reduced iron (Iron 1). In order to lower the melting temperature of gangue concentrated layer, the reduced iron coated with the mixture of SiO 2 , Al 2 O 3 and CaCO 3 (Iron 3) and iron ore E coated with CaCO 3 (Ore 1) were prepared. The gangue compositions of ore and reduced iron were shown in Fig. 9 , which is the phase diagram of the system SiO 2 -Al 2 O 3 -CaO. The liquidus temperature of Iron 3 and Ore 1 were both about 1 320°C and lower than the liquidus temperature of others. The melting start temperature of Iron 3 and Ore 1 were 1 197 and 1 237°C, respectively and these values were lower than that of Iron 2 and ore E.
The relation between liquidus temperature of the system SiO 2 -Al 2 O 3 -CaO and measured melting start temperature was shown in Fig. 10 . The solid circles in Fig. 10 show the melting start temperature of ore and reduced iron with gangue concentrated layer and open circles without gangue concentrated layer. In the case of iron ore and reduced iron with gangue concentrated layer, the melting start temperature decreased as liquidus temperature lowered.
Discussion on the Melting Start Temperature of
Iron Ore with Gangue Concentrated Layer In the case of iron ore with gangue concentrated layer, the difference of melting start temperature and liquidus temperature was over 100°C. But in consideration of the definition of melting start temperature, the gangue concentrated layer does not have to melt wholly at this temperature. As the gangue concentrated layer can move at the partially melted condition, the temperature T50 was defined as the temperature at which the liquidus ratio of the system SiO 2 -Al 2 O 3 -CaO is 50 %. Figure 11 shows the relation between T50 and melting start temperature. The T50 were in good agreement with the melting start temperature within 100°C in the case of iron ore and reduced iron with gangue concentrated layer,. In these results on iron ores with gangue concentrated layer, the melting mechanism was thought as follows, at first the gangue concentrated layer was formed, next gangue shell started melting and this temperature was defined as the melting start temperature. After that reduced iron contact with graphite, carburization started and reduced iron melted as shown in Fig. 12 . Iguchi and Endo have recently reported the similar results that, through the heating of iron ore-carbon composite pellet, the aggregation of reduced iron was prevented by gangue. 14) Therefore it is most important to lower the melting temperature of gangue shell for low temperature melting of iron ore.
The most plausible mechanism of the formation of the gangue concentrated layer is the segragation during the reduction of Fe 2 O 3 to FeO. Iron ores with gangue concentrated layer were all hematite ore. The reduction of Fe 2 O 3 to Fe 3 O 4 accompanies recrystallization from hexagonal to cubic system and production of lattice defects. 15) This phenomena may result in the formation of the gangue concentrated layer.
Discussion of the Carburization and Melting
Mechanism of Iron Ore without Gangue Concentrated Leyer In the case of iron ores without gangue concentrated layer, there was no correlation between the melting start temperature and liquidus temperature shown in Fig. 10 . Moreover, the melting start tempereature was lower than T50 by over 200°C shown in Fig. 11 . The other melting mechanism was presumed.
The chemical composition of iron ore through reduction process were shown in Table 5 . With the heating rate of 120°C/min, the metallic iron content (M. Fe) were only 2.2 % at 1 100°C and FeO content was calculated to be 87.3 %. On the other hand with the low heating rate of 30°C/min, the metallic iron content was 71.6 % at 1 100°C. Compositions of ore F during the reduction were plotted, on the phase diagram of the system FeO-Al 2 O 3 -SiO 2 in Fig.  13 . In this figure the solid circle shows the initial composition of ore and open circles show reduced composition at 1 100°C. As the progress of reduction, FeO was formed and reduced to metallic iron. The composition of ore F moves on the dotted line in Fig. 13 .
In the case of base heating rate (120°C/min), the composition at 1 100°C was near the eutectic composition where the eutectic temperature was 1 148°C. The melting start temperature of ore F was 1 149°C and was very close to the eutectic temperature. In the case of low heating rate (30°C/min), the melting start temperature was 1 220°C which was higher than that of base heating rate (120°C/min). As shown in Table 5 , in the case of low heating rate the metallic iron content was over 71.6 % and FeO content was only 13.5 % at 1 100°C. At the melting start temperature, 1 220°C, the reduction progressed furthermore and the metallic iron was main component of iron ore F. In this case there was some possibility that the carburization of reduced metallic iron was promoted by the direct contact of reduced iron with carbon and carburized iron started melting at 1 220°C.
The melting mechanism of iron ores without gangue concentrated layer consists of formation of primary melt with the eutectic composition the remaining FeO rich slag starts melting at the eutectic temperature of system FeOSiO 2 -Al 2 O 3 in the case of high heating rate. There is some possibility that the reduced iron starts carburizing and proceeds to melt at eutectic temperature of system Fe-C in the case of low heating rate,.
High Temperature Reduction under Load Test
Experimental Result of High Temperature Reduc-
tion Under-load Test To confirm the effect of gangue behavior at a relatively large scale, the softening and melting experiment under the load was carried out for reduced iron, conventional ore and specially designed carbon composite iron ore briquette. The experimental results, the maximum pressure drop, temperature of increasing in the pressure drop and melt-down temperature, were shown in Table 6 . The relation between pressure drop of blend1 and temperature was shown in Melting mechanism of iron ore with gangue concentration. Table 5 . Chemical composition of ore F before and after reduction.
14.
The maximum pressure drop and the temperature at which the pressure drop started to increase were shown in this figure.
Reduced iron melted down at 1 310°C, lump ore E and F melted down at 1 553°C and 1 540°C, respectively. Meltdown temperature of blend 1 made of ore E with gangue concentrated layer was 1 527°C and this value was close to the melt-down temperature of lump ore E. The melt-down temperature were lowered about 100°C by addition of CaCO 3 (blend 2, 3). In the case of briquette made of ore F without gangue concentrated layer the melt-down temperature were 1 449-1 459°C (blend 4, 5). The melt-down temperature of carbon composite iron ore briquette were lower than that of lump ore by over 80°C except blend 1.
Confirmation of the Gangue Effect on Melting Be-
havior Obtained by Laser Microscopic Test At the result, the similar experimental result was obtained for each specimen. In the case of briquette made of iron ore with gangue concentrated layer, the melt-down temperature was lowered largely by CaCO 3 addition. Though the effect of CaCO 3 coating was not confirmed for the melt-down temperature, the other effect was thought as follows. Kokubu reported that the melting of briquette started at the temperature which the pressure drop increased. 13) Thus the difference between melt-down temperature and the temperature of increasing of pressure drop, DT, are considered to be an index of the reduction rate, the fluidities of molten slag, the carburization rate and so on. DT of lump ore E ,blend 1, 2 and 3, were shown in Fig. 15 . The value of DT were lowered by making briquette and by mixing CaCO 3 , these phenomenon were considered to be the effect of increase in the reduction rate and the fluidity of slag. Blend 2 and blend 3 had the same composition of slag, so the difference of DT between blend 2 and blend 3 were caused by segregating CaCO 3 around ore particles. In other words, the melting temperature of concentrated gangue layer was lowered and the carburization rate was increased by the segregation of CaCO 3 . In the case of iron ore with gangue concentrated layer, to lower the melting temperature of gangue layer was most important for low temperature melting of reduced iron.
In the case of iron ore without gangue concentrated layer, the melt-down temperature was not affected by the CaCO 3 existence. As mentioned in Sec. 3.3, when there was not gangue concentrated layer, the reduced iron could contact with carbon in the briquette and carburized at low temperature.
The effect of gangue on the melting behavior was confirmed for both iron ores with gangue concentrated layer and without gangue concentrated layer.
Measures to Lower Melting Temperature
The direct contact of reduced iron with carbon is most important for the low temperature melting of iron ore. The carbon composite iron ore briquette was one of the effective methods for the low temperature melting because ore particles can contact with carbon particles sufficiently. However, in the case of iron ore with gangue concentrated layer, the melt-down temperature of iron ore briquette could not be lowered. In this case, the flux addition and the flux coating around ore particles was effective to lower the melting temperature of gangue layer. In the case of iron ore without gangue concentrated layer, flux addition was not needed for low temperature melting of iron ore briquette. The selection of these iron ore was important.
As mentioned above, the melt-down temperature can be lowered near the eutectic temperature of system Fe-C by the use of carbon composite iron ore briquette for blast furnace operation. However iron ore without gangue concentrated layer started melting at the eutectic temperature of system FeO-SiO 2 -Al 2 O 3 by rapid heating. Its temperature was lower than the eutectic temperature of system Fe-C. For the iron ore without gangue concentrated layer, the application of new process, which provide high heating rate under reducing condition, could lower the melting temperature than that of blast furnace. 
Conclusion
The melting behavior of iron ore was investigated for the purpose of low temperature melting. The direct contact of reduced iron with carbon is most important for the low temperature melting of iron ore. There are two types of iron ore by the gangue behavior through the reduction process. One type was with gangue concentrated layer through reduction process and the other was without concentrated layer. By the selection of iron ore without gangue concentrated layer, the direct contact of reduced iron with carbon is not prevented, and carburization and melting start at low temperature. In the case of iron ore with gangue concentrated layer, the reduced iron can contact with carbon after the gangue layer melted. To lower the melting temperature of gangue layer by flux addition is one of the most effective methods for low temperature melting.
